The stability relations of Pt and Pd antimonides and bismuthinides in the Sb-and Bi-bearing Fe-Ni-Cu sulfide systems have been experimentally determined at temperatures between 1100 and 700 °C in evacuated silica tubes. Both PtSb and PdSb are stable as immiscible liquids at temperatures above 1100 and 1000 °C, respectively. The Fe-Ni-Cu-sulfide melt that coexists with the immiscible antimonide melt can dissolve up to 3.8 wt% Sb at 1100 °C, whereas monosulfide solid solution (mss) dissolves very low amounts of Sb over the entire 1100-700 °C temperature range. The liquidus of Pt-antimonides and Pdantimonides are above 980 and 750 °C, respectively. Bismuth does not form immiscible melt at 1100 °C but may partially partition into a vapor phase at 1050 °C. The Pt-and Pd-bismuthinides crystallize directly from immiscible bismuthinide melt only after crystallization of the sulfide melt into intermediate solid solution (iss). Insizwaite (PtBi 2 ) and froodite (PdBi 2 ) are stable at 780 and 700 °C, respectively. At the last stage of evolution of Sb-bearing magmatic Fe-Ni-Cu sulfide melts, Sb will form immiscible antimonide melt that will extract Pt and Pd from the sulfide melt. During cooling, Pt and Pd-antimonides will crystallize directly from the immiscible antimonide melt, and Pt-phases will form at higher temperatures relative to Pd-phases. Bismuth will partition into vapor phase and concentrate into a low-temperature melt in hydrothermal and porphyry systems that scavenge precious metals. The Sb and Bi (like Te) will be highly incompatible at moderate degrees of mantle partial melting.
intRoduction Antimony (Sb) and bismuth (Bi) are semimetals that may influence the behavior of platinum-group elements (PGE) in nature. In base metal (Fe, Ni, Cu) sulfide systems, Sb and Bi behave largely as cations under both oxidized and reduced conditions. The partition coefficients of Sb and Bi between solid sulfide phase (monosulfide solid solution, mss) and the sulfide melt (D monosulfide solid solution/sulfide melt ) are less than 10 -2 (Helmy et al. 2010 ). The two elements form stable intermetallic mineral phases with Pt and Pd in Cu-Ni sulfide ores, especially in those that have experienced extensive late-magmatic hydrothermal evolution or metamorphic overprint (e.g., Helmy et al. 1995; Barkov et al. 2002; Spiridonov et al. 2015; O'Driscoll and González-Jiménez 2016) . Known Pt and Pd antimonides comprise stumpflite (PtSb), geversite (PtSb 2 ), genkinite (Pt 4 Sb 3 ), subduryite (PdSb), naldrettite (Pd 2 Sb), ungavaite (Pd 4 Sb 3 ), mertiete (Pd 11 Sb 4 ), and stibiopalladinte (Pd 5 Sb 2 ). The Pt and Pd bismuthinides comprise insizwaite (PtBi 2 ), froodite (PdBi 2 ), polarite (PdBi), and sobolevskite (PdBi). These minerals usually form micrometer-sized grains along sulfide-silicate contacts, and inclusions in base metal sulfides and silicates (Helmy et al. 1995; Barkov et al. 2002; Spiridonov et al. 2015; O'Driscoll and González-Jiménez 2016 , and many others). The Pt and Pd antimonides and bismuthinides are assumed to be formed by the fractionation of a primary Cu-PGE-Sb-Birich sulfide liquid (Graham et al. 2017 ) by direct crystallization from immiscible antimonide or bismuthinide melt (Holwell and McDonald 2007) .
In addition, Sb and Bi are important petrologic indicators in mantle processes (e.g., involvement of subduction components and crustal fluids, Scambelluri et al. 2014 and Jenner 2017) . For example, Noll et al. (1996) noted that arc magmas are enriched in Sb relative to primitive mantle, which they attributed to supply from subducted slabs. Hattori et al. (2002) attributed the low Sb (and As) contents in sulfides from mantle wedges to short residence of sulfides in the mantle wedge. They suggested that Sb (and As) are removed from the mantle during partial melting leading to low concentrations in sulfides in refractory mantle. The Sb and Bi enrichment in back arc-basin basalts relative to MORB led Jenner (2017) to suggest that these elements are mobile and that their host phases (low-temperature sulfides and sulfosalts) in the upper oceanic crust are unstable during subduction. Jenner (2017) stated that the unstable host phases of Sb and Bi release these elements leading to their mobility during subduction. There is also strong evidence that Sb can be added to magmas via contamination, usually along with As. For example, McDonald (2008) and Hutchinson and Kinnaird (2005) attributed the Sb-As enrichment of magmas at Lavatrafo, Madagascar, and in the Turfspruit sector American Mineralogist, vol. 105, 2020 of the Platreef to contamination by As-rich shales.
Despite the petrologic significance of Sb and Bi and their strong role in controlling the behavior of Pt and Pd in nature, their behavior in magmatic sulfide systems is poorly known. It is important, therefore, to know how Sb and Bi behave in magmatic sulfide systems to understand their behavior during subduction and contamination processes and in the formation of unusually Au-Ag-Pd-rich porphyry deposits. In addition, determining the sequence of crystallization and thermal stabilities of Pt and Pd antimonides and bismuthinides in magmatic sulfide systems is important in ore petrology.
To investigate the phase relations in the Fe-Ni-Cu sulfide systems, we performed phase-equilibrium experiments on Pt and Pd-antimonides and bivvsmuthinides and (Fe, Ni, Cu) 1-x S sulfides over a temperature range of 1100 to 700 °C in evacuated silica tubes. The metal/S ratio in the sulfide starting mix was kept at 0.99 to keep the S fugacity constant at around log f S2 = -7 in all experiments (e.g., Helmy et al. 2010 
expeRiMental and analytical pRoceduRes
Pure metal powders, elemental S, Sb, and Bi, were used to synthesize the starting mixes. The antimonide and bismuthinide phases were mixed with an (Fe,Ni,Cu) 1-x S monosulfide matrix (Table 1 ) and equilibrated at temperatures between 1100 and 700 °C. The sulfide matrix has a molar metal/S ratio close to unity.
For each experiment, ca. 150 mg of synthesized Fe-Ni-Cu sulfide component and 15 mg of either PtSb 2 , PtBi 2 , PdSb 2 , or PdBi 2 were charged into a SiO 2 glass tube. The tube was evacuated and welded shut. The capsules were then placed in a vertical furnace at the desired temperatures. Run durations were dependent on the run temperature and ranged from 12 h at 1100 °C to 6 days at 700 °C. After the run, all capsules were quenched within seconds by dropping them into cold water. Neither oxygen nor sulfur fugacities were adjusted or controlled during the experiment. The presence of sulfide phases within each evacuated quartz ampoule should impose relatively reducing conditions (controlled by the stability of sulfide). The S fugacity was estimated from the mole fraction of FeS in the stable (Fe,Ni) 1-x S solid solutions representing the solid sulfide phase during the experiments (cf. Toulmin and Barton 1964; Barin 1995; Bockrath et al. 2004; Helmy et al. 2013a Helmy et al. , 2013b . Table 2 summarizes the experimental conditions and phase relations.
Major element compositions were determined by electron microprobe analysis (EMPA) using a JEOL JXA 8200 electron microanalyzer at 15 kV and 20 nA with native Ni, Sb, and Bi and natural pyrrhotite, chalcopyrite, arsenopyrite, and PGE metals as the standards. The noble metal phases were analyzed on the Lα lines at 20 kV. The electron beam was defocused to 30 mm to integrate small-scale chemical heterogeneities caused by exsolution on quench.
Results

The Pt-and Pd-Sb-sulfide systems
At 1100 °C, the highest temperature used in our experiment, all run products are completely molten. In the Pt-bearing experiments, rounded grains of quenched immiscible PtSb melt of about 50 mm in diameter exist in the sulfide melt. Metastable quench products are dendritic mss, Ni-Cu iss with large grains of antimonides ( Fig. 1a ). In the Pd-bearing experiments, the PdSb component is fully miscible with the sulfide melt. The Pd-antimonide quench patches are evenly distributed in the sulfide matrix ( Fig. 1b) .
At 980 °C, geversite (PtSb 2 ) is a stable phase in the Pt-bearing experiments (Fig. 1c ). It forms euhedral crystals less than 50 mm in diameter in a matrix of mss. The Fe-Ni-Cu-sulfide melt quenches to dendritic mss and sulfide-arsenide melt (Fig. 1c ). Geversite crystals are commonly hosted in the quenched sulfide melt and have typically an euhedral morphology, suggesting that they existed in equilibrium with mss ( Fig. 1c ). On quench the mss decomposed to smaller mss grains, intermediate solid solution (iss), and bright Ni-Sb grains evenly distributed in the iss. The mss forms large rounded grains rarely hosting geversite crystals.
In the Pd-bearing experiments, immiscible PdSb melt is stable, forming rounded grains in the quenched sulfide melt or included in mss (Fig. 1d ). The rounded immiscible PdSb melt inside mss suggests that this immiscibility takes place at temperatures above the liquidus of mss, i.e., 1020 °C. The sulfide melt quenches to mss, iss, and Ni-Sb irregular grains ( Fig. 1d) .
At 900 °C, geversite, mss, and sulfide melt are stable phases in the Pt-bearing experiments. Geversite forms small euhedral crystals included in mss or in the quenched sulfide melt ( Fig. 1e ). Geversite, enveloped in mss, is fine-grained relative to that crystallized in the sulfide melt. The sulfide melt quenches to dendritic mss, iss, and small NiSb grains. In the Pd experiments, antimonide was a liquid phase at run temperature.
At 750 °C, nickeliferous sudburyite (PdNi)Sb is a stable phase in the Pd-bearing experiments, it forms subhedral grains in iss ( Fig. 1g ). Sudburyite grains hosted in mss are rounded in shape, and they likely crystallized from trapped antimonide melt globules in mss. Mss coexists in equilibrium with iss.
Supplemental 1 Tables S1 and S2 list the compositions of run products in the Pt-and Pd-bearing experiments, respectively. In the Pt-Sb sulfide system at 1100 °C, the sulfide melt dissolves 3.8 wt% Sb and 2.9 wt% Pt. The coexisting antimonide melt contains 37 wt% Sb and 60.1 wt% Pt (Supplemental 1 Table S1 ). The amount of Sb soluble in sulfide melt decreases with decreasing temperature to be 3.1 and 1.8 wt% Sb at 980 and 900 °C, respectively. Similarly, the Pt content of the sulfide melt decreases from 1.5 wt% (at 980 °C) to 0.5 wt% (at 900 °C). Mss dissolves 0.13 and 0.30 wt% Pt at 980 and 900 °C, respectively, while the Sb content is below the EMPA detection limit.
The partition coefficients of Cu and Ni between sulfide and antimonide melts at 1100 °C are around 2, while Fe strongly partitions to the sulfide melt (D Fe sulfide melt/antimonide melt = 129). In the Pd-Sb-bearing sulfide system, the sulfide melt in equilibrium with Sb-melt contains 1.2 wt% Pd and 6 wt% Sb at 980 °C. The Sb content of the sulfide melt increases to 12 wt% (at 900 °C) and sharply drops to 0.2 wt% when the solidus of the Pd-Sb rich melt is reached (i.e., between 830 and 750 °C). The Ni content sharply drops in the iss (Fig. 2) . The Pd and Sb contents of mss are equal or below the EMPA detection limits over the whole temperature range explored (Supplemental 1 Table S2 ).
Pd partitions to the antimonide phase ( Fig. 5 ) with D Pd antimonide melt/sulfide melt of 38 at 980 and 900 °C. Ni has slightly higher partition coefficients between antimonide and sulfide melts (0.11 and 0.18 at 980 and 900 °C, respectively) relative to Cu (0.07 and 0.05 at 980 and 900 °C, respectively). The very low Sb and Pd contents in mss make any calculations of partition coefficients between mss and sulfide melt irrelevant. At 1050 °C, in the Pt-and Pd-bearing experiments, mss is a stable phase; it forms large rounded grains commonly surrounded by bright Bi-rich areas (Fig. 6a) . The sulfide melt quenches to metastable mss and iss and Bi-rich micrometer-size grains evenly distributed between metastable mss and iss grains. Bi-rich globules are encountered in cavities in the quenched sulfide melt (Fig. 6b) . These globules are only noted in cavities in the quenched sulfide melt and, therefore, are likely condensates of a Bi-rich vapor phase. Helmy and Fonseca (2017) interpreted similar Se-rich globules in cavities in the sulfide melt of the Pt-Se-sulfide system as condensate from a vapor phase.
At 980 °C, in the Pt-and Pd-experiments, mss and sulfide melt are stable phases. The sulfide melt quenches to small grains of metastable mss and iss and micrometer-size bright irregular Bi-rich (60 wt% Bi, the rest is either Pt or Pd and minor Ni and Cu) grains commonly concentrated at the mss-melt interface. No stable Pt-or Pd-phases are noted.
At 900 °C, in both Pt-and Pd-experiments, mss forms larger, rounded grains ( Figs. 6c and 6d ) in a matrix of sulfide melt. The latter quenches to metastable mss and iss. The sulfide melt hosts sub-micrometer size bright Bi-rich (65 wt% Bi, the rest is either Pt or Pd) grains evenly distributed in the groundmass or concentrated around mss grains.
At 830 °C, mss and sulfide melt are the stable phases in both sets of experiments ( Figs. 6e and 6f ). The mss is relatively large in a matrix of the Bi-rich sulfide melt. No bismuthinide phases are stable in the two systems.
At 780 °C, in both experiments, the sulfide melt crystallizes to iss. The Bi-rich (>67 wt% Bi, the rest is either Pt or Pd) phase is completely separated from the iss (Figs. 6g and 6h) . The mss and the Bi-rich areas are larger in size in the Pt-experiments. Insizwaite (PtBi 2 ) is a stable phase; it forms elongated crystals inside a S-rich Pt-bismuthinide melt (Fig. 6i ). In the Pd-bearing experiments, the Bi-rich phase does not show exsolution (Fig. 6j) ; it is a quenched bismuthinide melt. At 700 °C, froodite (PdBi 2 ) crystallizes as elongated crystals from the Bi-rich melt (Fig. 6k ). Mss and iss are the other stable phases.
The compositions of run products in the Pt and Pd experiments are listed in Supplemental 1 Tables S3 and S4 , respectively. The Bi and Pt contents of mss in Pt-experiments are constant around 0.2 and 0.3 wt%, respectively, over the whole temperature range. In the coexisting sulfide melts, the Bi and Pt contents increase with decreasing temperature until the solidus of the first bismuthinide phase is reached at 780 °C. The Bi content of iss equilibrated with insizwaite (in the Pt experiments) and the Birich melt (in the Pd experiment) drops to 0.15 wt%. Figures 7  and 8 illustrate the distribution of Ni and Cu between mss and the Bi-bearing sulfide melt. While Ni behaves incompatible above the sulfide solidus and incompatible below 830 °C, Cu stays incompatible over the whole temperature range, with D Cu mss/sulfide melt increasing at lower temperatures. The Fe, Ni, and Cu contents of the crystalline Pt-bismuthinide phase at 780 °C are very low (Supplemental 1 Table S3 ), while the Pd-bismuthinide melt at the same temperature accommodates high concentrations of Fe, Ni, and Cu (Supplemental 1 Table S4 ).
In the presence of Bi, both Pt and Pd behave as highly incompatible between mss and Bi-rich melt (Fig. 9 ). Both elements partition to the Bi-rich phase when it separates from the iss below 780 °C. Similarly, Bi is highly incompatible in mss and iss; it partitions into the sulfide melt at high temperatures until the solidus of the iss is reached, and partitions into a bismuthinide melt phase when iss is a stable phase. 
discussion
During the evolution of the Pt-and Pd-Sb-bearing sulfide melts, Pt and Pd partition to an immiscible antimonide melt. The D Pt and D Pd (antimonide melt/sulfide melt) are around 20 and 40, respectively. The liquids of the Ptantimonide is above 980 °C, while that of Pd is slightly above 750 °C. Nickel and Cu have a stronger affinity to sulfide melt, indicated by their low D Ni antimonide melt/sulfide melt and D Cu antimonide melt/sulfide melt (0.13 and 0.15, respectively) . The affinity of Ni to the antimonide melt increases with decreasing temperature in the Pd-experiments, but the D Ni antimonide melt/sulfide melt is always <0.4.
Unlike Sb (and As, Helmy et al. 2013a) , Bi partitions to a vapor phase at 1050 °C; no immiscible bismuthide melt forms above the solidus of the sulfide melt. Bismuth is fully miscible in the sulfide melt, and the high Bi content of the sulfide melt increases the solubility of Pt and Pd but does not influence the behavior of Ni, which partitions into mss. Indeed, the behavior of Pt, Pd, and Ni in the Bi-sulfide systemic is very similar to their behavior in the Se-sulfide system (Helmy and Fonseca 2017) .
Comparison with other semimetal sulfide systems
A similar feature of the Sb-sulfide system and the As-sulfide system (Helmy et al. 2013a ) is that both As and Sb form immiscible melts. In addition, the behaviors of Pt and Pd are very similar in both systems (Pt and Pd are highly compatible in the arsenide melt with D Pt and D Pd arsenide melt/sulfide melt of 40 and 18, respectively; Helmy et al. 2013a ). On the other hand, Ni shows a stronger affinity to the arsenide melt than to the antimonide melt with D Ni arsenide melt/sulfide melt > 1 compared with D Ni antimonide melt/sulfide melt < 0.4 over the whole temperature range of the Pd experiments. Phase chemistry of the antimonide and arsenide systems suggests that the affinities of Pt and Pd to As and Sb are similar. The Bi-system is similar to the Se-system in that no immiscible selenide melt forms down to 780 °C; in addition, Se, like Bi, partitions to a vapor phase (Helmy and Fonseca 2017) . The Bi and Se contents of the sulfide melt increase with decreasing temperature until the sulfide melt crystallizes to iss. While the Bi content of the iss significantly drops due to the formation of Bi-rich melt, the Se content stays high in the iss, because Se is incorporated in solid solution in the iss. Pt and Pd-bismuthinides and selenides have the lowest thermal stabilities among other platinum-group minerals (PGM).
In all systems, Pt and Pd behave incompatibly during the evolution of the semimetal-bearing sulfide melt. The Pt-phases (melts or crystalline) have higher thermal stabilities than Pdphases (melts or crystalline). For example, Pt-arsenides, antimonies, tellurides, and bismithinides are thermally more stable than the corresponding Pd-phases (Helmy et al. 2007 (Helmy et al. , 2013a Helmy and Fonseca 2017) . The Pt-Te, Pt-As, and Pt-Sb immiscible melts appear at temperatures higher than the Pd-Te, Pd-As, and Pd-Sb miscible melts. There is, however, distinct difference in Pt-semimetal phase stability among systems; Pt-As phases have the highest thermal stability (sperrylite, 1230 °C), followed by Pt-Sb (geversite, 980 °C), Pt-Te (moncheite, 920 °C), and Pt-Bi (insizwaite, 780 °C). No Pt-Se phases are stable above 700 °C, the lowest run temperature. All Pd-semimetal crystalline phases are thermally stable below 750 °C.
Implications on PGM formation from sulfide melts
Platinum and Pd commonly form discrete PGM phases with As, Sb, Te, and Bi in magmatic and hydrothermal sulfide deposits (e.g., Cawthorn et al. 2002; Barkov et al. 2002; Helmy 2004 Helmy , 2005 Godel et al. 2007; Holwell and McDonald 2007; McDonald 2008; Spiridonov et al. 2015 and many others) . PGE substitution in sulfide minerals is very limited whenever semimetals are available (Gervilla et al. 1998; Holwell and McDonald 2007; Hutchinson and McDonald 2008) . The Pt, Pd, Sb, and Bi contents of our experimental runs are much higher than their abundances in natural sulfide-bearing magmas and sulfide liquids. The (Pt+Pd)/(Te+Sb+Bi) weight ratios of some massive magmatic sulfides are in the range of ~0.2-0.3 (e.g., Piña et al. 2006) . These natural ratios are lower than those in our experiments. The recent experimental (Helmy et al. 2013b) and mineralogical (e.g., Maier et al. 2015; Kamenetsky et al. 2015; Barnes et al. 2016 ) evidence of PGM crystallization from melts and magmas highly undersaturated in PGE and semimetals highlights the strong preference of PGE to semimetals at magmatic conditions, as suggested earlier by Tredoux et al. (1995) . Probably, the low (Pt+Pd)/ (Te+Sb+Bi) bulk ratios in nature keep Pt and Pd as long as possible dissolved in the sulfide melt as PGE-semimetal associations (Helmy et al. 2013b ) until a discrete immiscible semimetal melt can exsolve (Helmy et al. 2007 ). These immiscible melt droplets are exsolved from late-stage fractionation of sulfide melt (e.g., Graham et al. 2017 ) just before the solidus of sulfide melt is reached. Although the experiments are made with wt% levels of PtSb and PdSb, antimonide, and bismuthide liquid immiscibility likely happens also at much lower concentrations by analogy to other systems (e.g., the Pt-As sulfide system, Helmy et al. 2013b ). Helmy et al. (2013b) observed nanometer-size immiscible Pt-As melt in sulfide melt highly undersaturated with Pt arsenide.
It is commonly suggested that PGM, apart from alloys, form during cooling and recrystallization of primary sulfide minerals within which the PGE were originally dissolved in solid solution (e.g., Ballhaus and Ulmer 1995; Peregoedova and Ohnenstetter 2002; Peregoedova et al. 2004 ). The only supporting evidence of this suggestion is the high PGE content in some common sulfide minerals, although this is always true. Chalcopyrite, for example, hardly ever contains PGE that are not in the form of discrete PGM. In addition to textural evidence arguing against exsolution mechanism (Godel et al. 2010) , there is no guarantee that these high PGE contents are not due to submicroscopic inclusions. In harmony with previous estimates of low solubility of Sb and Bi in mss (Helmy et al. 2010) , the EMPA analyses of mss from the experiments revealed constantly low Sb and Bi contents (Supplemental 1 Table S1-S4). The low concentrations of Sb and Bi in mss over the whole explored temperature range suggests that Pt and Pd antimonides and bithmusthinides are not likely to form by exsolution from mss during cooling as previously suggested (e.g., Ballhaus and Ulmer 1995) . The highly incompatible behavior of Pd, Sb, and Bi (and Te) during the evolution of sulfide liquids and the low thermal stabilities of Pd-semimetal phases will lead to their enrichment in the late-fractionated sulfide melt. The results of the present study imply that Sb and Bi form tiny immiscible globules that scavenge Pd and are expelled out of sulfide melt during cooling (e.g., Holwell and McDonald 2007; Helmy et al. 2007 ). This explain the many Pd-Sb and Pd-Bi (and Pd-Te) minerals known in deposits of extensive American Mineralogist, vol. 105, 2020 late-magmatic, metasomatic or hydrothermal history (e.g., Noril'sk sulfide ores, Spiridonov et al. 2015 , and the Sudbury footwall ores, Petnek et al. 2008 ) and supports the assumption (Ebel and Naldrett 1996; Prichard et al. 2004 ) that PGE antimonides and bismuthinides could form directly from the fractionating immiscible sulfide liquids over quite a large temperature range (McDonald 2008) . In addition, the compatible behavior of IPGE (Ir, Os, Ru) during the evolution of sulfide liquid (they strongly partition to mss) explains the scarcity of IPGE-Sb and IPGE-Bi phases in magmatic sulfide deposits.
Despite that Ni-antimonides (e.g., nisbite NiSb 2 and breithauptite NiSb) and sulfantimonides (ullmanite NiSbS and tucekite Ni 9 Sb 2 S 8 ) are known in nature (e.g., the Platreef at Turfspruit; Hutchinson and Kinnaird 2005) , they did not form in our experiments, although Ni and Sb are major components of the systems. It is clear that the affinity of Sb to combine with Pt and Pd is higher than its affinity to combine with Ni. In addition, the low Ni content of the Pt-Sb phase and the high Ni content of the Pd-Sb phase ( Table 2 and  Supplemental 1 Table S1 ) imply a temperature effect that the Ni-Sb phases are only stable at relatively lower temperatures than the Pt-Sb and Pt-Pd phases. Probably Ni-antimonides form only at low temperatures and high Sb/(Pt+Pd) ratio in the ore-forming fluids. Hutchinson and Kinnaird (2005) suggest that the Ni antimonide phases in the Platreef at Turfspuit were formed by an increase in the Sb/(Pt+Pd) ratio caused by low-temperature hydrothermal fluids.
The role of Bi melt in hydrothermal, porphyry, and skarn systems
The role of low-temperature Bi (and Te) melts in scavenging Au, Ag, and Pd at relatively low temperatures has been proposed for some hydrothermal gold deposits (Hein et al. 2006) , skarn deposits (Cockerton and Tompkins 2012) , and porphyry systems (McFall et al. 2018) . For example, in the Skouries Cu-Au (Pd, Pt, Te) porphyry deposit, an immiscible Bi-Te melt scavenged precious metals leading to the formation of several Pt and Pd-antimonide and bismuthotellurides (McFall et al. 2018) . Hein et al. (2006) noted the intimate association of gold with Bi in vapor-liquid phase in fluid inclusions in quartz veins from the Batman deposit, Mt. Todd (Yimuyn Manjerr) goldfield, Australia. In the Bi-Au Stormont skarn prospect, Northwest Tasmania, Au is associated with various Bi-phases formed during metasomatism (Cockerton and Tompkins 2012) . The common association of Au with Bi led Douglas et al. (2000) to propose the Liquid Bismuth Collector Model, which involves the scavenging of Au from hydrothermal fluid by the liquid bismuth. Our experiments are made in closed Cu-Ni-Pt-Pd sulfide system and do not contain Te, but the proved volatility of Bi and the low-temperature stability of Bi-melt have bearing in the hydrothermal-porphyry systems. In addition to the proved Bi volatility and Bi-melt stability at low temperatures, the proved strong affinity of precious metals to the melt, may explain the role played by Bi melts in scavenging precious metals in hydrothermal gold deposits of porphyry and skarn systems.
petRologic iMplications
The extremely low contents of Bi and Sb in mss in the experimental run products and the incompatible behavior of both elements during the solidification of the sulfide melt suggest that Bi and Sb host phases, apart from geversite, are low-temperature phases. As suggested by Jenner (2017) , these low-temperature phases will be unstable during subduction processes. The low Sb and Bi contents in sulfide inclusions in eclogitic diamonds that are believed to have formed in the cratonic keel following some kind of subduction process suggests that these elements may have been lost during subduction (Aulbach et al. 2012; McDonald et al. 2017) . The strong incompatible behavior of Sb and Bi during sulfide liquid evolution means that low degrees of partial melting of sulfide-bearing mantle will lead to the mobilization of both elements. Low degrees of mantle partial melting and mantle metasomatism involving sulfide component will produce and segregate a Cu-rich sulfide melt enriched in Bi, Sb, (and Te; Helmy et al. 2007 ) (e.g., Luguet et al. 2003) . Luguet et al. (2003) documented high semimetals and Te in mantle derivatives produced by low (2-4%) degrees partial melting. Physical extraction of the Cu-rich sulfide melt along with the silicate melt (Ballhaus et al. 2006) will produce a basalt enriched in these elements and with low As/Sb ratios relative to the primitive mantle. Helmy et al. (2013b) presented strong experimental evidence that PGM are preceded by nano-associations (complexes, clusters, or nano-crystals) in the sulfide melt and that these nano associations act as fundamental building blocks for the growth of the liquidus PGM. The nano associations mimic the composition of the crystalline phase, and their stability in the melt depends on the thermal stability of the macroscopic phase. Helmy and Bragagni (2017) introduced the term "selective complexing" as a possible cause of PGE fractionation in nature. For example, while As can fractionate PGE (Helmy et al. 2013b; Helmy and Bragagni 2017) , Se has no role in the fractionation of PGE in nature, because it does not form stable complexes with any of the PGE at magmatic conditions (Helmy and Fonseca 2017) . The results presented here suggest that Bi, like Se, will have no role in Pt and Pd fractionation in nature, simply because Bi-Pt and Bi-Pd phases are only stable below the solidus of the iss. On the other hand, Sb, like Te and As, can fractionate Pt from Pd in magmatic sulfide ores (because these elements form stable phases with Pd only at lower temperatures, i.e., below the solidus of the iss).
concluding ReMaRks
Antimony, like As, will capture Pt and Pd from sulfide melt and form immiscible antimonide melt. Both Pt and Pd-antimonides crystallize directly from the immiscible antimonide melt. Bismuth, like Se, partitions to a vapor phase at temperatures above 1050 °C and is highly soluble in sulfide melt, until the later crystallizes into iss. Pt-and Pd-bismuthinides crystallize directly from Bi-rich melt at 780 and 700 °C, respectively. The present study provides experimental evidence for the notion that Pt and Pd antimonides form by direct crystallization from droplets of immiscible Sb-enriched melt and not by exsolution from the sulfide phase. Pt-and Pd-bismuthinides crystallize from Bi-rich melt below the solidus of the sulfide melt. Antimony and Bi are likely to be highly mobile in the mantle during partial melting, especially if melting involves a sulfide melt, the concentration of Bi in the vapor phase, and the late-magmatic and hydrothermal fluids is likely to be high. Antimony can fractionate Pt from Pd during the evolution of sulfide liquids while Bi cannot.
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